Abstract-The Internet-based teleoperation has been studied in more and more potential fields in the past years. The interest in multi-robot systems arises during recent years for their ability to perform better in complex environment. However, it is difficult for robots to perform tasks autonomously in complex conditions, thus a human operator at the remote site is needed to contribute his intelligence to the robot system. The Internet has brought out a new way for a human to operate multiple intelligent robots and an Internet-based multi-robot teleoperation system is developed in this paper. A behavior-based programming control concept is introduced to avoid the problems caused by the Internet latency in teleoperation and a pattern of combining the human intelligence with the artificial intelligence is proposed. The design of the system is also described in detail.
I. INTRODUCTION
Since the Internet is a general interactive and economical telecommunication entity, the Internet-based teleoperation has been studied in more and more potential fields in the past years. Recently, the interest in multi-robot systems arises with the application of robotics in military, rescue, space and many other fields. In these fields, the environment is usually dangerous and complex, and a multi-robot system will perform better than a single robot because it can adapt to the environment better and perform more tasks in a complicated situation. However, it is very difficult for the robots to perform tasks autonomously in these complex situations. Therefore, a human operator at the remote site is needed to contribute his intelligence to the robot system. The teleoperation of a multi-robot system will significantly enhance its ability and improve its performance.
The Internet-based teleoperation systems are different from other teleoperation systems in several aspects. The Internet is a public and shared resource in which various end users transmit data via the complex network simultaneously. The route for data transmission between two end points is not fixed and the collision may be caused when two or more users transmit data via the same route simultaneously. Therefore, the transmission delay of the Internet can be random (with no specific statistical model) and there is no upper bound on them. These delays will affect the performance of a teleoperation system greatly, such as the stability, transparency, synchronization, etc.
Many researches have been done to the Internet-based teleoperation. Anderson et al. introduces passivity theory into teleoperation using the conception of passive circuit system [1] . Niemeyer and Slotine develop Anderson's approach to wave variable [2] . Xi et al. propose a kind of event based theory and methods [3] [4] , in which a non-time reference is introduced to avoid the problems caused by using the time reference. All these approaches aim at avoiding the influence of the time delay and a stable system with variable time delay could be setup in certain circumstances using these approaches.
With the development of intelligent robotics, the Internet-based teleoperation now comes to the second generation [5] and Internet based intelligent robotic systems are studied [6] . In order to study the tele-robotic systems which perform tasks in complex situation, Reference [7] presents a concept of competitive teleoperation. In these Internet-based teleoperation systems, the influence of time delay is alleviated by local intelligence of the system, but it is difficult for the operator to interact with the robots. And the combination of human and robot intelligence is even more a difficult problem.
To study the problems mentioned above, we work on a typical multi-robot system, the robot soccer system, which is highly dynamic, highly cooperative and highly competitive. It deals with the condition that the robots will interact with other intelligence agents or environment intensely. Though it references the sports game of soccer, its concept can be applied to the field of military and anti-terrorist affairs. In this paper, an Internet-based tele-robot soccer system is developed. It is typically a multi-robot teleoperation system which takes complex tasks with strong interaction under unexpected environment. A behavior-based control schema is adapted to increase the activity of the robotic systems and a human-machine intelligence combination pattern in decision-making is also presented.
The paper is organized as following. Section II presents concepts of multiple robot teleoperation via the Internet in general; Section III introduces a typical multi-robot teleoperation system and describes the design detail of the system; Section IV gives some experiment results and then comes the conclusion. The Internet-based multi-robot teleoperation faces three specific problems: (1) the Internet characteristic, including latency, data loss, disconnection and etc.; (2) Intelligence combination of human and machine; (3) Interaction between human operator and robot systems. In this section, our concepts of handling these problems are introduced first and then the architecture for the multi-robot teleoperation is presented.
II. CONCEPTS OF INTERNET-BASED MULTI-ROBOT

A. Multi-robot teleoperation via the Internet
As is described, when the Internet is used as the bridge of communication between the operator and the robot system, many problems will arise because of the characteristic of the Internet. The performance of a teleoperation system will be affected greatly by the Internet latency, data loss disconnection and so on. In multi-robot teleoperation, the multi-robot system must be an intelligent system. The robots must have intelligence to a certain extent and have the ability to autonomously perform some simple tasks. The system must also have the ability to coordinate the multiple robots to some extent. The intelligence of the system will alleviate the influence of the characteristic of the Internet when it is teleoperated by a human operator.
In this paper, a behavior-based scheme is used to make the multi-robot system possess some intelligence. Each robot in the system has some basic behaviors and when it is stimulate, it will choose the right behavior to perform the task or adapt to the change of the environment. The robots can perform complicated tasks and coordinate well by combination and coordination of all their basic behaviors. By using the behavior-based schema, the robots in the system can react fast and have more flexibility to coordinate with each other.
To enhance the feelings of the operator, a lot of information must be transmitted via the Internet, including video, audio, text, sensor data, commands and etc. We refer to all this information as supermedia. The real-time transmission of supermedia in the Internet is described in [8] .
B. Intelligence combination of human and machine
Although the multi-robot system has intelligence to some extent, it can not perform complex tasks autonomously in dynamic and complicated situations. Therefore, the human operator must contribute his intelligence to the system and make the system more powerful to achieve complex goals. Nowadays, it is difficult to combine the human's intelligence with the machine's. The human operator usually only can contribute his attention as well as his ability to plan and to solve difficult problems to the system. Here we introduce a commander-staff pattern to combine and coordinate the human's intelligence with the system's. In the commander-staff pattern, the machine can understand the intention of the human operator to a large extent. The human operator acts as a commander to judge the operation situation, plan tasks and assign missions to the multi-robot system. On the other hand, a computer is used as a staff to administrate the multi-robot system. It has three functions: collecting and analyzing the information from the system, submitting the information to the human operator and generating commands to the system according to the mission assigned by the operator and the current situation. Fig. 1 is the sketch map of the commander-staff pattern.
C. Interaction in multi-robot teleoperation system
As mentioned previously, the intelligence of the remote multi-robot system can alleviate the affection caused by the Internet latency, data loss, disconnection and etc. However, another problem must be addressed when teleoperation such an intelligent system, namely, the interaction between the human operator and the multi-robot system. Nowadays, the dominating control scheme for teleoperation of intelligent system is the supervisory control method; however, most such systems lack enough interaction between human operator and robot. The robot is only a passive tool and lacks interaction with the operator, thus it is difficult for the robots and the operator to accomplish tasks collaboratively. Many researchers are studying interactive control methods at present and some approaches are brought forward [5] [9] [10] .
In the system developed in this paper, a multi-channel interaction interface is build for the multi-robot teleoperation system. The interface includes supermedia feedbacks and command interface. Since the commander-staff pattern is used, the interface is mainly for the interaction between the operator and the staff computer. The operator can command the robots via this staff computer and the robots can interact with the operator through the staff computer. The interface will display the operation situation clear and make the operator distribute his commands conveniently. It will be shown in detail in the next section.
D. Architecture of multi-robot teleoperation system
The multi-robot teleoperation system is an intelligent robot system in essence. Since the control architecture plays a key role in integrating motor controller, motion algorithms, and human inputs for an intelligent robot system, the architecture of multi-robot teleoperation system is designed here. An architecture for the multi-robot teleoperation is developed based on the concepts mentioned previously, such as the behavior-based concepts, commander-staff pattern, multiple channel interaction and etc. The architecture divides the system into four parts and each part is treated as a function layer, as shown in Fig. 2 .
The execution layer is composed by the multiple robots, various sensors and the environment. The robots execute the proper behaviors to work in the alternating environment and the sensors detect the state of the robots and the environment and feedback their data through the communication channel. The coordination layer generates intentional behaviors according to the subtasks of each robot generated by the organization layer and coordinates them with the operator's commands and the obstacle information to generate the proper behaviors to be executed by the multi-robot system. The organization layer is responsible for the analysis of the performance situation according to the strategy the operator selected from its database and the processed sensor data transmitted from the execution layer. Then the organization layer will generate the subtasks of each robot and send them to the coordination layer. The organization layer acts as a "staff" and the interaction layer is designed to provide an interface between the human '"commander" and the "staff". The interaction layer is designed based on the multi-channel interaction concepts. The interface provides supermedia information and compound command mode (tactic selection and command interface) for the human operator. Fig. 2 Architecture of multi-robot teleoperation system According this architecture, An Internet-based multi-robot system is built. The Internet is suitable as the bridge between the organization layer and the coordination layer for the local multi-robot system will have certain intelligence but not be too complicated in this way. The system will be described in the following section.
III. DESIGN OF AN INTERNET-BASED MULTI-ROBOT SYSTEM
A robot soccer game system is a typical multi-robot system. During the game, the robots compete with another team of robots in a competition field, in which the competition situation is changing all the time. The robots must cooperate to shoot the ball into the opponent's goal and meanwhile defend for their own goal. So the robot soccer competition system is highly dynamic, highly cooperative and highly competitive.
In this section, a 3vs3 Internet-based tele-robot soccer system is built based on the concepts presented previously and the design of the system, the hardware and the software setup will be described in detail.
A. Design of the Internet-based tele-robot soccer system
The Internet-based tele-robot soccer system is designed based on the architecture presented in section II. The soccer robots have basic behaviors as shown in Fig. 3 . The basic behaviors are divided into intentional behaviors and reactive behaviors. The intentional behaviors react to the commands to accomplish the competition task while the reactive behaviors react to the change of the environment. The intentional behaviors collection can be further divided into subsets based on their functions.
The behaviors of the robots are generated based on the sensor data and the operator's intention. So the decision-making process is a map from the information space to the behavior space, namely:
:
Where B is the behavior space and I is the information space which is denoted by (2) . {( , , )} I command robot ball (2) Fig. 3 Basic behaviors of the soccer robots
In the system, a camera is used as the sensor to get the data of the match. By analyzing the image captured by the camera, the position and velocity data of the robots and the ball in the global reference frame can be obtained. Since the ball is the key of the competition, we built a dynamic reference frame with the center of the ball as the origin and the velocity direction of the ball as the x axis. The coordinate conversion can be expressed by (3) . A is the state to judge which side is more prone to control the ball; P is a vector of the kick coefficient p of each robot which is decided by the position and orientation of the robot.
When the states are achieved, the staff computer evaluates the situation and submits the information to the operator. The operator decides whether to change the tactic and the staff computer fuses the operator's tactic with the situation analysis to generate the role of each robot, such as attacker, defence and so on. Then the behaviors for the robots are determined by the roles of them. The operator can select attack-defence tactic from the data base via the interface and intervene the robot which is most prone to get the ball according the kick coefficient p. The robot is two-wheel driven and it is 12cm×12cm×8cm in size and 1200g in weight. The competition field is 220cm×180cm and a tennis ball is used as the competition ball. A SSC-131camera is located on top of the field and the video it collects is processed by MY VISION image card. Two computers are used as video server and control server separately. The video server sends the video captured by the camera to the client via the Internet in real time while the control server accepts the commands from the client and sends them to the robots for execution. The control server also process the image captured by the camera to get the data of the match and feedback the data to the client. At the remote site, another computer is used as the client computer and a Logitech joystick is used as the command generator. The client computer sends the commands to the control server. It also receives the information from the match site and displays the information to the human operator. The clients and the server are connected by the Internet. Each operator can command a team of robots on the remote site by a client and 2 clients can be connected to the server at one time. Fig. 5 is the software framework of the system. The software used in the system is based on the client/server mode, and is realized by windows socket programming. The client program integrates the interface and the staff programs. It generates and sends commands, receives supermedia feedback and displays it to the operator. The server runs on the remote computer. It receives commands from the client via Internet, sends them to the robots for executing and meanwhile feeds supermedia information back to the client.
B. Hardware and software setup
IV. EXPERIMENT
The Internet-based tele-robot soccer system has been built for competition experiments. Two robot teams are operated by two operators in different sites and there are 3 robots in each team. The process of the match is as following:
(1) The server programs are run; (2) The operator selects a tactic on the interface; (3) The operator connects the client program to the server. When both sides have connected to the server, the match begins and the match will last for 6 minutes, 3 minutes for each half. (4) The server cuts the connection of both clients. Instead of transmitting the image of the match, the data picked up from the image are transmitted, thus the quantity of the data is alleviate and can be transmitted faster via the Internet. The position data of the robots and the ball is used to reconstruct the situation of the match and it can help the operator more than the text information. The operator can control the robot which is the most prone to get the ball. As Fig. 6 shown, the operator is controlling the blue team. The computer analyze the situation of the match and it decides now can directly control Robot 1 and the behaviors of the other two robots. Fig.7 The image of the competition Fig. 7 is some video images of the match. With the teleoperation of human operators, the match can go on well and the system can perform nice. In the future more approaches will be applied to the system and the strategy of the intelligence combination will be studied further to improve the performance of the system.
VI. CONCLUSION
The paper presents the concept of Internet-based multi-robot system. A behavior-based intelligent multi-robot concept is introduced and a command-brainman pattern is advanced for the fusion of the human operator and the machine's intelligence. The interface is designed to increase the interaction between the human operator and the system and an architecture for the multi-robot system is also presented.
An Internet-based tele-robot soccer system is designed to validate our concept of Internet-based multi-robot system. The design detail as well as the hardware and software setup of the system is described and experiment result confirms the usability and effectivity of the system.
